1 Abstract-Low-voltage Microgrids can be valuable sources of ancillary services for the Distribution System Operators (DSOs). The aim of this paper was to study if and how multimicrogrids can contribute to Voltage Control (VC) in mediumvoltage distribution grids by means of reactive power generation and/or absorption. The hierarchical control strategy was proposed with the main focus on the tertiary control which was defined as optimal power flow problem. The interior-point algorithm was applied to optimise experimental benchmark grid with the presence of Distributed Energy Resources (DERs). Moreover, two primary objectives were formulated: active power losses and amount of reactive power used to reach the voltage profile. As a result the active power losses were minimised to the high extent achieving the savings around 22% during entire day.
I. INTRODUCTION
The smart grid concept has gained lots of popularity in recent years as a prospect for the modernised and efficient power systems which will be able to meet the needs of the twenty-first century [1] . One of the fundamental idea encompassed by the smart grid term is the active distribution network (ADN).
In general, ADN is a distribution grid with a high penetration of Distributed Energy Resources (DERs) such as energy storage devices, wind turbines, photovoltaic panels, fuel cells etc. which make a tremendous transition from a passive, one-directional distribution system into the bidirectional one [2] . Although DERs presence in the system may have positive consequences such as smaller power losses, deregulated and competitive electricity markets or improved power quality [3] it also challenges Distribution System Operators (DSO) in terms of feeder overloads, voltage variations, power quality disturbances and incorrect protection operation [4] .
Deeply studied instances of ADN with regards to management and control are low-voltage microgrids (MG), the idea firstly introduced by Lasseter in [5] . MGs can supply small communities such as residential areas, industrial sites or regional areas. They can operate in islanded and main-grid-connected mode. Moreover, from the DSO perspective MGs can be seen as either aggregated loads or power generators, and thus, they can be also a valuable source of the ancillary services such as Voltage Control (VC), congestion management, peak shaving or line balancing.
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A common way of VC in power systems is the use of the reactive power resources [6] . In a typical distribution system the VC is realised by corrective devices such as tap changers and shunt capacitors. Nevertheless, many authors have studied the possibility of DERs application in VC in ADN. Richardot et al. [7] implement at the distribution level a hierarchical control structure reminding the one already applied in the transmission system in France [8] . The voltage is controlled by maintaining the voltage set-points at the substation and the representative buses called pilot buses. In [9] a multi-agent approach to model DERs and tap changers is applied. Agents are given two conflicting objectives to be satisfied: the reduction of the voltage variations and minimisation of control actions or maximisation of the active power coming from DERs. Furthermore, Model Predictive Control was successfully used by the researchers in [10] in order to correct the errors related to measurements and modelling inaccuracies. They addressed the need for keeping the voltage in a normal operation region along with the minimisation of the control actions.
A large number of researchers have studied the optimisation algorithms application in the VC. Agalgaonkar, Pal and Jabr optimise the collaboration of tap changers, autonomous regulators and solar power generation [11] . The decentralised optimisation approach was presented in [12] and [13] . In the former the distribution grid is divided into smaller areas which are optimised separately and only the use of DERs which influence the chosen region are optimised. In the latter, given finite data sets, the offline optimisation for the entire grid is done and the look-up tables for each inverter-based DERs are created so that they can be operated based only on the local information. There are not many papers about VC with the support of MultiMicrogrids. However, Madureira and Pecas Lopes presented interesting results in [14] . By means of evolutionary particle swarm optimisation the optimal power flow problem was solved which consisted in the minimisation of the active power losses and microgeneration shedding.
The aim of this paper was to study if and how the lowvoltage microgrids can contribute to Voltage Control in medium-voltage distribution grid by means of reactive power generation and/or absorption. The paper was divided into 3 main sections. In section II the formal formulation of the problem is given along with the description of the interior-point optimisation algorithm. Section III describes the study grid, detailed control strategy and main results of the research. The paper ends up with the conclusions.
II. PROBLEM STATEMENT

A. Multi-Microgrid System
A Multi-Microgrid system may have a hierarchical control structure divided into tertiary, secondary and primary control which is presented in Fig. 1 . Starting from the bottom, the Primary Control consists in the local control of microgeneration, energy storage and dispatchable loads. All the local controllers are governed and managed by the Microgrid controller (MGC) which is also responsible for the information exchange with the tertiary controller, in our case called the Multi-Microgrid Central Controller (MMCC). MGC is independent from the DSO and can take part in MV ancillary services. The tertiary controller, which is of our main interest in this study, coordinates the operation of the MV distribution system by the deployment of all the available resources including those offered by the MG's operators. Only voltage control via utilisation of reactive power will be discussed in this paper. 
B. Voltage Control
Voltage control in a distribution grid can be done in various ways such as Model Predictive Control [10] , Multiagent approach [15] or can be perceived as the optimal power flow problem which consists in solving the nonlinear optimisation problem with nonlinear constraints [14] . In this paper it was decided to apply and extend the lastlymentioned idea. It can be formally written as min ( )
where the objective function is usually expressed as a sum of active power losses in every branch of the grid [16] .
However, it is reasonable to introduce a penalty coefficient for the utilisation of the reactive power in voltage control in order to limit the control actions and treat reactive power as a valuable service. The detailed formula is as follows
where k is a line number between buses a and b, V a and δ a denote the voltage and the angle at the bus a, respectively and g k is a k line conductance. Q MGz is the reactive power at z-th microgrid bus, while C Q1 and C Q2 are Q cost function coefficients. C P is a cost of the active power. The problem is a subject to the following equality constraints for each of the a bus a
The AC power flow equations can be formulated in various
ways depending on the choice of the voltage and admittance coordinates [16] [17] . In this study the formula, where the voltages are expressed in polar coordinates and the admittances takes the form of rectangular coordinates, was selected. Additionally, the inequality constraints apply
Voltages and angles are bounded by the DSO's voltage or comprises voltages and angles at all of profile. Reactive power limits are given by a microgrid operator, reflecting the reactive power reserves at particular instant of time. Active powers at the microgrid buses, active and reactive powers at the load buses are defined in advance, they may come from the real measurements or system estimators.
The decision vect the buses apart from the slack bus at which voltage and angle equals 1 p.u. and 0, respectively (This is a consequence of the Power Flow computation assumptions [16] ), reactive power at the microgrid buses and active and reactive power absorbed/generated from/to the HV grid.
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C. Optimisation Algorithm lem can be solved by means of tra
The above-mentioned prob ditional non-linear programming algorithms or by metaheuristics such as genetic algorithms, swarm optimisation etc. The interior-point algorithm -barrier method, which is implemented in Matlab optimisation toolbox, was applied in this work. The idea of the barrier method is described in a very accessible form in [18] , while the exact algorithm description is discussed in [19] . In general, the method consists in the approximation of the inequality constrained initial problem (1) by a sequence of the equality constrained subproblems in the form of
Φ(s) is a logarithmic barrier function equal to (7) here s i is a slack variable related to the i-th constraint. By decreasing the coefficient m the accuracy of ( ) ( ), 0, 
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III. STUDY GRID
A. Grid Data
For the simulation purpose, the IEEE 37-node grid adapted to European standards coming from [20] was chosen. Grid structure with additional six microgrids coupled to nd 36 is depicted in meters were specified in order to weaken the the buses 15, 20, 29, 33, 35 a Fig.2 . Grid para grid which resulted in low initial voltages at all buses of the system. The microgrids' placement was done arbitrarily, there were no algorithms for optimal placement used as it was out of the scope of the study. Although the initial idea was to distribute the microgrids evenly along the grid, finally most of the microgrids were located in the end of the feeder as the highest voltage variations arise over there.
The necessary grid data including nominal apparent power of all the buses, lines' and transformer's resistances and reactances are collected in Appendix A. The load profile was derived from the Spanish TSO Red Electrica de España and represents Spain's daily demand for electricity during Winter and was first used in [20] . In fact it is the normalised mean of the two-month labour-days load profiles coming from 0 p imary reason for the selection of Winter load profiles was e higher demand for electricity during this time of year due to heating devices present in the grid. Furthermore the load profile was scaled to each bus based on their transformers' 80% nominal apparent power capacity with constant power factor which equals 0.7. Load profiles were not generated for the microgrid buses, as they can either consume or produce both active and reactive power. Various grid scenarios realised in the microgrid emulator belonging to The Catalonia Institute for Energy Research in Barcelona (IREC)'s resulted in the microgrids' active power profiles (Fig.4) , which similarly to the load profiles, were normalised and scaled to microgrid buses' transformers' 80% nominal apparent power capacity. Profile's positive value means that the power is generated from the microgrid otherwise the power is consumed.
Moreover, the power factor at which active power is generated/consumed by the microgrid equals 0.9. The IREC's microgrid technical specification can be found in [21] . 
B. Control Strategy
For the study grid described in the previous sections, the following control strategy has been proposed and applied in the experimental scenario. If for any bus in the system its e to the nts violation is checked. If the solution is om/to the microgrid.
hey were chosen with regards to the distance from the transformer. During first 7 for the voltage control as all the vo voltage falls below 0.96 p.u. then the optimisation routine is run. If the optimisation algorithm does not converg optimum, the constrai within the limits then it is accepted despite being not optimal, otherwise the solver should be tuned or changed or no action is taken. The procedure is run every hour. The control strategy is presented in the form of a block diagram in the Fig.5 .
The constraints (4) were defined as follows: 0.96 p.u. < V i < 1.04 p.u., -2π < δ i < 2π, reactive power upper and lower limits were calculated as a function of the maximum available capacity of the microgrid bus transformer at a certain instant of time and the actual active power flow fr
C. Results Discussion
The application of the above-mentioned control strategy has led to the local optimal voltage profiles at all of the buses which satisfy the constraints. In Fig. 6 one can compare and contrast the optimised voltage profiles for four representative buses 5, 9, 27, 32. T hours there was no need ltages were kept over 0.96 p.u. However starting from the 8th hour the proposed algorithm was applied. Although the trend of the profiles at each of the buses is similar one can notice the slight differences in values. The voltage profiles before optimisation are in red whereas the optimised voltage profiles are in blue. The optimised voltage profiles are slightly above 0.96 p.u., which is the result of the penalty function addition to the objective function i.e. only truly necessary control actions are taken in order to meet the system operator requirements. Otherwise, due to limited capacity of the aximum of the available reactive power w tive power comes fr microgrids, the optimal solution would always be quite redictable -the m p ould be used as the optimal setpoints. The optimised reactive power generation profiles are depicted in Fig.7 . During the first seven hours Q provided/consumed by the microgrid corresponds to its active power profile by a constant inductive power factor equal to 0.9. However from 8th hour situation changes because of the optimisation routine application. What is interesting, most of the generated reac om the microgrids placed in the end of the feeder as the control actions are mostly required in that area (the reactive power influences the system locally and it cannot be transferred for long distances). During last 4/5 hours of the day MG2, MG5, MG6 are asked to provide their maximum reactive power reserves. This implies that in the given experimental grid there exists only small availability of voltage control by means of the reactive power. Instead, they can be used more as a voltage profile shaping method.
Furthermore, in Fig. 8 one can notice that when applied the optimisation routine reduces the active power losses in the grid by around 22%. The active power losses in the system with and without optimisation are 0.00215048 p.u. and 0.0027473 p.u., respectively. 
IV. CONCLUSIONS
In this paper the MGs' contribution to voltage control by offering ancillary services such as reactive power generation was presented. First of all, the configuration proposed above where the number of MGs is small, cannot support great changes of voltage but can be used for the voltage profile ssed that in other scenarios control shaping. Additionally, in case of too sharp conditions for the voltage profile the reactive power generation is pushed to the limits. It must be stre strategy would be similar. However, in case of overvoltages caused by e.g. loads cut off, MGs would be used as reactive power consumers in order to decrease voltage level. Secondly, as a consequence of the application of the discussed control strategy, the active power losses were minimised to the high extent achieving the savings around 22% during entire day. In the future, more accurate microgrids' reactive power reserves estimation should be tested together with the introduction of the other voltage controllers such as tap changers, shunt capacitors etc.
and 32 with regards to the distance from the transformer. The results before and after Figure 6 : Voltage profiles for arbitrally chosen buses 5, 9, 27 optimisation are presented in blue and red, respectively.
